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ABSTRACT

Clah, Leon. M.S., Purdue University, May 2015. Type Physical Activity in Pregnant
Dams Reduces Mammary Tumor Formation in Rat Offspring. Major Professor: Ignacio
Camarillo.

Breast cancer is the most frequently diagnosed cancer and a leading cause of
cancer death among women. Lifestyle factors such as physical activity and diet play a
role in attenuating the incidence of breast cancer. Current research is beginning to show
that exercise during pregnancy can convey long term health benefits to offspring. In light
of these studies, the goal of this project was to determine if maternal physical activity
during pregnancy could lead to reduced mammary tumor development in female
offspring. Towards this goal, female Sprague Dawley rats were divided into two groups,
sedentary and exercise, with the exercise group given access to a running wheel during
pregnancy and the extent of physical activity was monitored. The resulting female pups
from Sedentary and Exercised Dams were weaned at 21 days of age and fed a high fat
(HF) diet. None of the pups from either of the groups had access to an exercise wheel at
any time. At 6-weeks of age, pups were given a single injection of N-Methyl-Nnitrosourea (MNU) intraperitonealy at 50 mg/kg. The study was conducted for 15-weeks
and the developing tumors were palpated and measured with calipers. Endpoint analyses
revealed that pups from dams that were allowed physical activity (Exercise) had a
substantially lower tumor incidence (42.86%), as compared to pups from sedentary dams
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(Sedentary), having 100% tumor incidence. Interestingly, Exercise pups and the
Sedentary pups had no histological difference in tumor grading. Collectively, these are
the first data to demonstrate that short-term physical activity during pregnancy can lead
to reduced tumor development in offspring. This study provides an important foundation
towards the possibility of developing additional and more effective modes of behavior
modification for the prevention of cancers.
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CHAPTER 1. HOW DID I GET HERE ?

I am Diné from the Navajo Indian Reservation. I am Red Running Into The Water
clan and I am born for the Many Goats clan. This is how we introduce ourselves to
others in my culture.
My decision to return to school began the day I sat on my mother’s porch with my
brothers talking about life in general. Then while talking with my siblings, it was
mentioned that one of the neighborhood kids had gone to medical school and became a
physician and I thought to myself, “If he can do it, then I can too.” I started looking into
medical schools within a day’s drive of my location and ended up contacting the
University of Texas Southwestern Medical Center at Dallas. I talked with an academic
advisor and I asked what would be required of me to attend their school. This is when I
made my decision to go back to school.
It was not easy getting back into academia after having been in industry for years. I
found myself taking classes in Biology and Chemistry at San Juan College in Farmington,
NM and thought it funny that in my first undergraduate experience I avoided these
subjects like the plague taking only the minimum of classes to fulfill my requirements,
now my curriculum was saturated with Biology and Chemistry courses. A friend of mine
from many shared classes stated that she wanted to do summer research with one of the
Ph.Ds. on campus and asked what I had planned for my summer. She asked if I would

2
consider joining her and conduct research on campus to gain research experience. I was
hesitant at first but she assured me that it would be fun. I did have fun that summer:
reading articles, performing tissue extraction, and histology, and giving poster
presentations. I especially liked listening to the keynote speakers at various conferences
and enjoyed hearing of the exciting discoveries in the science community. I rethought
my plans of attending medical school; my focus was going to be on research. So began
my path into research and I graduated from San Juan College with an Associates of
Biology.
As I moved through my second undergraduate term, I remembered the advice
from my first Research Experiences for Undergraduates (REU) mentor at San Juan
College, “Don’t focus on one avenue of research.” While attending Fort Lewis College
in Durango, CO, I began to look into other REU programs both near and away from
home. Some REUs were extensions of the knowledge I had accumulated and others were
completely out of my area but I accepted each challenge with fervor. I developed my
bench techniques and my laboratory skills. I began to synthesize experiments. I asked
questions to which only a few people knew the answers. I spent many hours reading
articles, surfing the web, reading textbooks, and talking to instructors to find answers to
more of my questions. The day came when I graduated from Fort Lewis College with a
Bachelor’s degree and I was faced with yet a new challenge: graduate school.
The idea of graduate school was a daunting prospect and I considered it the
epitome of academia, a venue to engage the scientific mind. It confers upon the
individual techniques that make finding answers to life possible. In cellular and
molecular biology, this avails one seeking answers to the maladies of the human
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condition the opportunity to discover answers whether they are holistic or elemental.
This is what drives me: to know what makes the body tick, to know what pathways can
be utilized, and to know what can be done to ameliorate or abrogate a condition. The
search is always exciting and science is on the forefront of solving these mysteries. I
want to be able to make new discoveries, to teach young minds, and to make a difference.
All too often have I found myself explaining to my family and friends what it is that I do
and why. I have told them, “This is more than just school but a career, more than just a
career but a passion.”
I decided on Purdue University because I felt that Purdue offered me distinct
advantages over other graduate schools. The lab I am in currently is another facet of the
hormone work that I began at Fort Lewis College (investigating Type 2 diabetes among
Native Americans) but now I’m looking at its role in breast cancer. The professor for
whom I work is an endocrinologist and that is important when understanding the role
hormones play in the human body. The research that I’m conducting with Dr. Camarillo
investigating adiponectin and its relationship to breast cancer I find very intriguing. It is
fascinating that this hormone is multi-functional like so many other proteins in our bodies.
I ask myself, “How can I use this hormone to remedy breast cancer? Or Type 2 diabetes?
What mechanism can I exploit to make this happen?” And then there were the
assistantships from the Sloan foundation and the institution that afforded me the time to
conduct my research, excel in my course work, and ultimately to begin writing my
dissertation. It is a comforting knowledge that the department will assist me in the future
in finding funding should I run out of money.
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I have spent many hours looking, searching, and analyzing data that I have
collected from reading articles. I have flow charted my ideas and the ideas of others from
articles presenting new and novel mechanisms they have found in their research. I have
asked questions, sought answers, and posed mechanisms until I found the clues that could
possibly answer my questions. This is the experience that I was looking for and the
training in critical thinking that makes a good scientist. I am constantly asking questions
and posing hypotheses to explain what it is that I see when I look at a Western blot, or an
assay, or a physiological response.
One day my PI came to me and said that a few of our collaborators needed help
with work under this CTSI grant. The study was about investigating the effects of
exercise by the dams on the offspring. I wanted to continue with my planned research but
as time moved forward I found myself immersed in the exercise study. I wanted to know
more about the effects and before long I was back into the research literature looking for
answers. The problem was that there wasn’t much in the literature because this field of
investigation was novel. This excited me!
In the last year, we have been running experiments on the tissue that we have
collected, the data of the amount of exercise that the dams generated, and the protective
effects of the offspring to a carcinogen challenge. There was a portion of the results that
was expected but also a portion of the results that made us wonder. This has now become
my avenue of research and I look forward to asking the question, “why?”
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CHAPTER 2. LITERATURE REVIEW

2.1 Introduction
Obesity is defined as the accumulation of excessive adipose tissue and is
quantified by calculating Body Mass Index (BMI): an individual’s weight in kilograms
(kg) is divided by their height in meters squared (m²). Using this quantification method, a
person with a BMI of  25 is designated as overweight and a person with a BMI of  30
is categorized as obese. A person with a BMI of 18.5 to 25 is considered to be in the
normal range. It is clear that obesity has become a major problem, not only in the United
States, but in many parts of the world. The World Health Organization (WHO) reports
obesity has nearly doubled since 1980, and that 65% of the world’s population lives in
countries where the mortality rate is high for those that are overweight and obese.
Importantly, the condition of obesity represents a major modifiable risk factor for the
prevention of disease.
It is now well known that obesity is associated with increased risk of a wide range
of health problems and also with disease early onset and disease progression. Previous
reports demonstrate obesity is linked with musculoskeletal disorders (Cicuttini et al.,
1996), cardiovascular diseases (Haapanen-Niemi et al., 2000), diabetes (Bassuk and
Manson, 2005), and several types of cancers (liver, pancreatic – Calle et al., 2003; breast
– Huang et al., 1997; ovarian – Calle et al., 2003). Of these malignancies, breast cancer is
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the most common cancer in women (www.cancer.org) and in recent years studies reveal
cancer incidence has increased in younger women. Many studies indicate that lifestyle
factors, including exercise and diet, play an important role in attenuating the incidence of
breast cancer. Current research also shows exercise during pregnancy is not only
beneficial to the mother but can also convey a level of disease protectiveness to the
offspring.

2.2 The benefits of exercise towards breast cancer at specific developmental stages
It is well documented that the risk for breast cancer increases with age,
particularly with the onset of menopause, and that exercise has been shown to suppress
mammary tumorigenesis at each major stage of postnatal development. Hoffman-Goetz
et al. defined the four major stages of postnatal development at which breast cancer can
be influenced by physical activity as the following time frames: infancy through
menarche, menarche though first full term pregnancy, first pregnancy though menopause,
and post-menopause (Hoffman-Goetz et al., 1998). In the following information, we
consider the potential physiological, cellular and molecular mechanisms involved in
mammary remodeling at each major stage of development in order to better understand
how behavioral consequences may impact breast cancer development.
Adrenarche is the term given when the adrenal glands in humans first secrete
androgens, such as dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate
(DHEAS) at the ages of 6-7 years of age just prior to puberty (Biro et al., 2014). With the
onset of puberty estrogen is synthesized in the ovary – however estrogen can also be
synthesized in peripheral tissues such as the breast or adipose tissue, by the conversion of
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androgens via aromatase present in those tissues (Stocco, 2012). Studies have reported an
increase in estradiol in prepubertal girls through measurement of urine and serum
concentrations (Courant et al., 2012). Other studies report these hormonal changes can
occur before the onset of secondary sexual characteristics such as breast development
(Kushnir et al., 2008) and that the age at which breast development occurs has recently
decreased, as compared to data from decades earlier (Biro et al., 2010). One main line of
reasoning for this recent trend is that pre-pubertal obesity can cause adipocytes to become
enlarged, which can lead to increased levels of serum leptin. Increased levels of leptin
can promote expression of neuronal kisspeptin 1 (KISS 1) and can lead to increased
production and secretion of gonadotropin-releasing hormone (GnRH). This, in turn,
stimulates production of ovarian estrogen facilitates early onset puberty (Oakley et al.,
2009). A diagram of this pathway can be seen in Figure 2.1 (Ahima, 2011). This diagram
displays a viable physiological mechanism, by which obesity can promote early onset
puberty, a known risk factor for breast cancer. This pathway also represents a potential
mechanism modifiable through a consistent regimen of physical activity.
Pubertal development is a time of particular vulnerability where the mammary
gland is susceptible to transformation (MacMahon et al., 1970). Puberty is characterized
by increased circulating levels of various steroid hormone and peptide hormones that
include Growth Hormone, Prolactin and Insulin-Like Growth Factor. Each if these
hormones are important for normal mammary development to proceed. Various studies
support that IGF-1 signaling is a primary driver of mammary epithelial growth and
proliferation during the stage of pubertal development. For example, in an experiment
where IGF-1R (insulin-like growth factor 1 receptor) was overexpressed in mice, the
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mammary tumor latency was shorter and the tumor multiplicity was increased when
tumor cells were introduced into the cleared mammary fat pad during pubertal
development, as compared to later stages of postnatal development (Jones et al., 2014).
Early reports demonstrate that the window between late menarche to first full term
pregnancy is associated with decreased breast cancer incidence (MacMahon et al., 1970).
Towards understanding the molecular actions of IGF-1, previous reports show IGF-1R
binding can activate distinct downstream signaling events that can lead to tumor growth
as summarized in Figure 2.2 (Pillai, RN and Ramalingam, SS, 2013).
It has been suggested that full development of the breast tissue during the first full
term pregnancy leads to increased differentiation of the epithelia leaving fewer progenitor
cells to be influenced by ovarian hormones which can set the stage for transformation
(Russo and Russo, 2008). In describing the process of mammary development, a
classification system for extent of epithelial differentiation is used which commonly
refers to epithelial morphological structures as Lobules type 1-4. Lobule type 1 is madeup largely of undifferentiated cells and is the site at which breast cancer is initiated.
Women who have given birth and have a higher proportion of Lobule type 1 cells, as
compared to Lobule type 3 which are fully differentiated cells, are still at risk for
developing breast cancer (Russo et al., 1994). The cells are susceptible to faulty DNA
repair mechanisms that are unable to correct DNA damage, leaving the cells wide open to
transformation. Reference the diagram in Figure 2.3 for the differentiation of the lobules
during pregnancy from the website: www.rudyard.org/breast-cancer-cells-diagram.
During post-menopausal life, circulating testosterone is increased. As an important
precursor for estradiol, high testosterone levels were found to be associated with
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increased breast cancer risk (Dorgan et al., 1996). These resulting increases in
postmenopausal estrogen may have multiple mechanistic influences on breast cancer
development, including a primary influence on energy balance. Energy balance can be
defined as the net difference in energy intake and energy expenditure resulting in zero
(Danforth, 1991). There are three main components of energy expenditure: resting
metabolic rate (Ravussin et al., 1986), increased metabolic rate after eating, and increased
metabolic rate during physical activity (Golan, 1995). Increases in adipose tissue (and
steroid production) may affect the body differently. In the early stages of menarche and
pre-menopause, there is a reduction in breast cancer risk (Swanson et al., 1997). In
contrast, increased adipose tissue in post-menopausal women increases the risk of breast
cancer (Huang et al., 1997). This may be the result of increased estrogen exposure
whereas in pre-menopausal women this could result in anovulation (Ballard-Barbash,
1994) but in post-menopausal women this exposure increases cancer risk. In animal
models, it has been demonstrated that during adolescence the developing breast is very
vulnerable to carcinogens (Kumar et al., 1995). The variations found in the body can be
attributed to a single change and that change is accumulation of body mass and it the
effect of cancer development is very much dependent on which stage of life this occurs
(Ziegler et al., 1996). Figure 2.4 gives the hormones and cytokines disregulated during
obesity and summarizes the impact they have on breast cancer (Macciò and Madeddu,
2011).
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2.3 Stage of Life: Impact of exercise during infancy through menarche
Various reports demonstrate maternal exercise in moderation can be very
beneficial during pregnancy. The positive influences that it has for the mother include
improved cardiovascular function (Clapp III, 2003), limits in weight gain and fat
retention (Clapp III and Kiess, 2000) and improvement of insulin resistance (Clapp,
2006), just to name a few. The benefit of aerobic exercise on the fetus during pregnancy
includes improved stress tolerance (Clapp III et al., 1995), neuro-behavioral maturation
and neo-natal fat mass (Clapp III, 1996). Maternal exercise has also been shown to lower
fetal heart rate during the duration of the exercise period (May et al., 2012). Godfrey and
Barker state the developmental origins of health and disease suggests that the fetuses’
metabolism and physiology are altered due to fetal programming (Godfrey and Barker,
2000). Fetal programming has been suggested to affect epigenetic processes such as
DNA methylation (Waterland and Jirtle, 2004). The chemical modification of DNA
methylation is known to occur on both strands of the DNA at CpG sites, which results in
methylating of the cytosine residue. This site is crucial in mammalian development (Li et
al., 1992) and affects DNA transcription via the binding of methyl sensitive proteins at
specific regions on the chromatin (Bird, 2002). These methylated sites on the chromatin
can regulate the expression of genes for IGF2 and H19, where IGF2 is a mitogenic
protein and H19 is a regulator for cell proliferation (Waterland et al., 2006). This data
supports the idea that exercise may have a direct affect on mammary epithelia growth and
proliferation through the epigenetic regulation of critical developmental genes. In
addition to direct affects, there are also various indirect influences on mammary epithelial
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and fetal growth in that exercise can optimize nutrient and uterine blood flow availability
and placental growth (Clapp III and Rizk, 1992).

2.4 Stage of Life: Impact of exercise during menarche through first full term
pregnancy
It was previously reported by Tanner and Marshall in 1968 that the mean ages for
breast development and menarche in the female adolescent in were 11.15 years and 13.47
respectively (Marshall and Tanner, 1969). In a later study of young girls seen in a clinical
setting, it was reported that the mean age decreased to 9.86 years and 12.81 years for
breast development and menarche, respectively (Herman-Giddens et al., 1997). It is
interesting that breast cancer incidence has also increased as the onset of puberty and
breast development has occurred at a younger age. This earlier developmental outcomes
is suggested to be the result of accessibility of food, improved health care, and social
development lending to the early onset of obesity leading to an early menarche.
Some researchers argue that more emphasis be placed on adolescent exposures to
risk factors of breast cancer (Colditz, 1995). Breast development is characterized by
breast epithelial proliferation in the absence of terminal differentiation (Page, 1987),
which could potentially render the breast susceptible to tumorigenic insult. During this
time in adolescence, the DNA repair mechanisms may not be equipped to respond
optimally to the mutations and genetically damaged cells due to excess proliferation (Pike,
1993). It is clear that one such DNA repair mechanism is the tumor suppressor protein
known as p53. It is a protein responsible for many regulatory factors within the cell. It
regulates the various cycles of the cell including cell cycle arrest, senescence, and
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apoptosis in response to cellular stresses such as DNA damage. When this gene is
mutated or lost, it is unable to inhibit gene transcription associated with proliferation,
leaving cancer cells to go unchecked (Powell et al., 2014).
The most commonly identified risk factors for the progression of chronic disease,
including type 2 diabetes, in today’s youth are obesity, early onset puberty, and insulin
resistance (Goran et al., 2003). As a way to prevent the adverse impact of these risk
factors, previous work indicates caloric restriction offers a conveyed protectiveness from
mammary tumorigenesis (Visscher et al., 1942). In more recent reports, caloric restriction
has been shown to reduce circulating levels of hormones such as insulin, IGF1, IGF2,
EGF and estrogen (Ruggeri et al., 1989). It is well documented that the binding of insulin,
IGF1, and IGF2 to the insulin receptor (IR) and insulin-like growth factor 1 receptor
(IGF-R1) leads to tumor proliferation, cell survival and metastasis (Pollak, 2012). This
binding then signals the downstream PI3K/Akt/mTOR and MEK/MAPK pathways which
lead to the malignant cell phenotype. Furthermore, the binding of EGF to its receptor
activates the AKT pathway that also leads to proliferation, cell survival, and metastasis
(Lu et al., 2014). In addition, the binding of estrogen to its receptors also signals the
downstream PI3K/Akt/mTOR and MEK/MAPK pathways which suppress apoptosis and
increase cell proliferation with a high ERĮ/ȕ ratio (López-Calderero et al., 2014). Thus,
it is evident that the impact of caloric restriction on the modulation of hormonal levels
and downstream signaling events can have substantial molecular consequences towards
the prevention of the transformation processes.
In addition to affecting the endocrine milieu, caloric restriction enhances
immunological response, DNA repair and tumor suppressor gene expression (Fernandes
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et al., 1995). Caloric restriction appears to be most beneficial during adolescence prior to
first pregnancy (Michels, 2002). Interestingly, one study revealed that women who
remained nulliparous on a calorie restrictive diet had a higher incidence of breast cancer,
when compared to parous women. It was therefore concluded that calorie restriction
during adolescence and early adulthood may influence those mechanisms associated with
breast development. It is speculated that decreased development of breast parenchyma
and differentiation conveys enhanced protectiveness from cancer (Michels and Ekbom,
2004). Along these lines, various studies reveal increased physical activity or heavy
exercise during teenage years has the strongest reduced risk in breast cancer in women
with low BMI (Mittendorf et al., 1995). It has been reported that adolescent females with
low BMI have a delayed onset of menarche and episodes of anovulation. Collectively,
these studies point to the maintenance of energy balance, particularly during puberty, is
critical for determining breast cancer development later in life.

2.5 Stage of Life: Impact of exercise from first pregnancy though menopause
Physical training influences menstruation by suppressing the production and
release of hypothalamic Gonadotropin Releasing Hormone (GnRH) (Loucks et al., 1989),
thus limiting estrogen and progesterone production and thereby inhibiting breast tumor
formation (Pike et al., 1993). Results from this study support the idea that exercise
conveys protectiveness from breast cancer in premenopausal and younger
postmenopausal women, especially in lean women (Thune et al., 1997). A diet that is
high in calories has been associated with the onset of early menarche (Merzenich et al.,
1993), which may increase the cumulative life long exposure to hormones that can
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influence breast carcinogenesis. Triglycerides are known to displace estrogen from
SHBG so in obese women this can lead to increased amounts of free estrogen in
circulation (Haffner et al., 1991), which may result in elevated estrogen action in tissues.
Sex steroids are powerful mitogens that influence cancer initiation and
progression in both men and women (Westerlind, 2003). Exercise can suppress
menstruation and production of sex steroids, which in turn can lead to a reduction in
breast cancer risk (Hulka and Brinton, 1995). Early age of menarche has an associated
increased risk of breast cancer (Vihko and Apter, 1986) attributed to the increased
frequency of exposure of the breast to steroid hormones and an increased number of
ovulatory cycles over a life time, compared to women whose menarche started at a later
age (Apter, 1996). Studies have shown that in premenopausal women who exercise, there
are decreased levels of estrogen and progesterone (Bullen et al., 1985), a shortened luteal
phase (Beitins et al., 1991) and increased anovulation (Bernstein et al., 1987). Also, there
is a decrease in circulating levels of estradiol, estrone, and androgens (Cauley et al.,
1989). Physical activity also increases circulating levels of sex hormone binding globulin
(SHBG) (Haffner et al., 1995) resulting in decreased levels of active hormone readily
available to activate cellular receptors (Ekin, 1986). Along with impacting the levels of
steroids and their binding proteins, exercise may also modulate the type of steroid
isoforms produced that can have vastly different binding affinities and cellular actions.
More specifically, estrogens are metabolized through two pathways: C-2 and C-16Įhydroxylation (Zhu and Conney, 1998). 2-hydroxylation has been found in increased
levels in athletics (Snow et al., 1989) and 16Į-hydroxylation has been associated with
obesity (Schneider et al., 1983). 2-hydroxylation produces metabolites of estrogen that
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are not bio-active while 16Į-hydroxylation produces bio-active metabolites of estrogen
(Fishman and Martucci, 1980). So the inverse relationship of increased 2-hydroxylation
and decreased 16Į-hydroxylation results in reduces epithelial proliferation and decreased
breast cancer risk (Ho et al., 1998).
Strong evidence supports that full term pregnancy allows for full differentiation of
the breasts resulting in protection against breast cancer risk, and that the window of first
menarche and full term pregnancy is crucial in establishing breast cancer risk (Russo and
Russo, 1997; Colditz and Frazier, 1995). During this important time frame, Exercise is
able to reduce the lipid content of the breast. This lipid reduction is associated with less
dense breasts, and breast epithelial density is a risk factor for breast cancer (Oza and
Boyd, 1993). Exercise has also been tied to the regulation of the immune system and it
well known that an enhanced immune system plays a vital role in the prevention of
cancer development (Newholme and Parry-Billings, 1994). Regarding this complex
interrelationship, Newholme and Parry-Billings state exercise appears to strengthen the
immune system by increasing the production of natural killer cells (NK), cytotoxic T
lymphocytes, and lymphokine-activated killer (LAK) cells. This facilitates the clearance
of tumor cells by increased NK activity (MacNeil and Hoffman-Goetz, 1993) and a
reduction in tumorigenesis via increased LAK activity (Hoffman-Goetz et al., 1994).

2.6 Stage of Life: Impact of exercise during post-menopause
The origins of breast cancer are unclear. It is estimated that the majority of
cancers can be prevented, through behavioral modifications that include more consistent
regimens of appropriate diet and aerobic exercise. In addition to behavioral influences, it
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is thought that approximately 10% of all cancers are the result of genetic abnormalities.
Epidemiological studies have clearly demonstrated that breast cancers are associated
genetic mutations in the BRCA1 (Breast Cancer 1) and BRCA2 genes. Of all ethnicities
studied, it is the Ashkenazi Jews that most frequently harbor BRCA1 and BRCA2
mutations (Levy-Lahad et al., 1997). These gene mutations passed on from the mother
tend to associate with a higher cancer incident rate than gene mutations passed on from
the father (King et al., 2003). Family members with a late mutation onset are associated
with lower cancer risk that those with family members with an early mutation onset.
Post-menopausal women that were physically active as a teenager and who reported
having less weight at the age of 21, compared to those who weren’t active, had lower
breast cancer incidence. What is interesting is that families with BRCA1 or BRCA2
mutations had a higher breast cancer risk, whether there was a single affected relative or
if multiple relatives were affected (King et al., 2003). As there is extensive evidence for
the primary prevention of cancer, there is increasing information that supports the
modulation of diet and exercise are beneficial in maintaining and prolonging disease-free
survival from cancer (Chlebowski et al., 2002).
Obesity and weight gain are the most frequently acknowledged risk factors for
breast cancer in post-menopausal women (Huang et al., 1997). Exercise and physical
activity in the reproductive years are known to reduce the risk of breast cancer incidence
in post-menopausal women through attainment of a lower BMI (Carpenter et al., 1999).
Prolonged exposure to estrogen and progesterone over a lifetime can influence breast
cancer development, and women with early menarche and breast development are at a
higher risk than women who reached menarche at a later age (Kelsey et al., 1993). Kelsey
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et al. also showed that women with early menopause had a reduced risk in developing
breast cancer, as compared to women who experience menopause later. Women who are
obese during menopause have an increased risk of post-menopausal breast cancer, due to
higher levels of estrogen being produced by the adipose tissue (Kirschner et al., 1981), as
compared to thinner post-menopausal women (Potischman et al., 1996). Increased
estrogen can result from the increased levels and activation of aromatase enzyme present
in adipose tissue, as obesity is associated with adipose expansion leading to elevated
synthesized estrogens in the circulation (Lonning et al., 1990).
In summary, numerous studies indicate exercise can prevent breast cancer at all
stages of postnatal life. Exercise is beneficial to young women by delaying their first
menarche (Frisch et al., 1981) and reducing levels of circulating estrogens (Broocks et al.,
1990) through weight management. Women who exercised throughout their lifetime had
a substantial reduction in breast cancer risk (Carpenter et al., 1999). However, postmenopausal women who were sedentary had an increased breast cancer risk, as compared
to those who remained active, regardless of activity levels during and after their first
menarche. Interestingly, post-menopausal women who exercise have reduced levels of
estrogen, which is found to be independent of BMI (Cauley et al., 1989). Finally, exercise
is associated with reduced breast cancer risk especially in women with lean body mass
(Thune et al., 1997). Collectively, there is extensive data supporting the strong positive
impact of exercise on breast cancer prevention. Despite this large body of evidence, the
influence of exercise during pregnancy on breast cancer in offspring has not been studied;
event with various emerging evidences supporting that exercise during pregnancy has
many health benefits for the offspring. With this solid foundation of previously published
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data, we hypothesized that physical activity during pregnancy would reduce tumor
development in offspring. The subsequent data herein described our experimental
observations that support this hypothesis.
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Fig. 2.1: Leptin and Kiss1 signaling in murine brain lead to Steroid production in
the Gonads. Adipose tissues secrete hormones called adipokines. Leptin is a adipokine
found in high levels when adipose tissue expands. Leptin can influence the ventral
premammillary nucleus (PMV), the anteroventral periventricular nucleus (AVPV) and
the arcuate nucleus (Arc) to secrete GnRH. This in turn stimulates the anterior pituitary to
secrete luteinizing hormone (LH) and follicle stimulating hormone (FSH). LH and FSH
stimulate the ovaries to produce estrogen which feeds back into the AVPV and Arc to
promote a positive feedback cycle.
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Fig. 2.2: Downstream signaling of IGF-1R after binding IGF-1. The binding of IGF-1
to the IGF-1R recruits the insulin receptor substrate (IRS), which then becomes
phosphorylated and activated. IRS then activates the MAPK pathway (Ras/Raf/MEK)
and the PI3K pathway (PI3K/AKT/mTOR). The MAPK pathway leads to cellular growth
and proliferation. The PI3K pathway leads to cellular growth and survival. Both
pathways are essential for tumor progression.
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Fig. 2.3: Diagram of lobule differentiation of the breast. The branching of the epithelia
into the mammary fat pad is limited at birth and is quiescent (Type 1). After the onset of
puberty, the epithelium begins to branch out substantially and penetrates deeper
throughout the fat pad (Type 2). Upon pregnancy, alveolar structures begin to form on the
ductal side branches and progress through pregnancy (Type 3). These groups of
structures form the lobules that secrete milk during breast-feeding (Type4). At the Type 3
and 4 stages, the mammary gland is fully differentiated and is highly resistant to
tumorigenesis.
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Fig. 2.4: Breast Tumor progression is influenced by estrogen. Tumor progression is
influenced by estrogen, and in premenopausal woman the ovaries are the major source of
estrogen. In postmenopausal women that are obese, there are a variety of factors that can
influence tumor progression. The adipose tissue can secrete leptin, estrogen, and
inflammatory cytokines and also influence the pancreas to secrete insulin and insulin-like
growth factors. Each of these hormones is known as a potent stimulator of tumor cell
proliferation, growth, survival and progression.
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CHAPTER 3: PHYSICAL ACTVITY IN PREGNANT RAT DAMS REDUCES
MAMMARY TUMOR FORMATION IN OFFSPRING

3.1: Materials and Methods

Animals
Virgin female Sprague Dawley rats were placed in cages overnight with male
Sprague Dawley rats for mating purposes. Plug found indicated day = 0 of pregnancy.
Pregnant dams were randomly assigned to the Exercise group or the Sedentary group.
The Exercise group was allowed access to a running wheel ad libitum. The distance (km)
ran by the dams was recorded daily using a magnetic sensory system (Rat Activity Wheel,
Lafayette Instrument, Lafayette, IN, USA or Schwinn 17 Function Bike Computer,
Pacific Cycle, Madison, WI, USA). All pregnant rat dams gave birth to pups at 21days of
gestation. The resulting female pups were weaned at 21 days of age onto a high fat diet
(D12451, Open Source Diets, New Brunswick, NJ, USA) without access to a running
wheel. All animal experiments were approved by the Purdue Animal Care and Use
Committee. All animals were housed in the Lilly Small Animal facility.
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Mammary Tumor Induction and Assessment
At 6 weeks following weaning (Figure 1), the female pups from exercised and
sedentary dams were injected with a single ip. injection of N-Methyl-N-nitrosourea
(MNU) at a concentration of 50 mg/kg body weight. and the developing tumors were
palpated and measured twice a week. Tumor onset, incidence and volume were measured
by a dial caliper (No. 142 UPC 44145 6 inch dial caliper by General) biweekly. The
collection of tumors, IP fat and mammary tissue occurred at time of sacrifice at 15 weeks
post MNU injection, which was the endpoint of the study. A sample from each tumor of
the comprised pups was collected and subjected to histological verification for tumor
grade. For histological evaluation, mammary tumor samples were fixed in neutral
phosphate buffered 10% formalin (VWR) for paraffin embedding. Tumor sectioning,
staining and grading was performed by the Department of Comparative Pathobiology in
the College of Veterinary Medicine at Purdue University. Tumor onset data was analyzed
using the Kaplan-Meier method and Proc Life test in SAS.

Statistical Analysis
Descriptive and univariate statistics were assessed for all variables and a student's
t-test was used to compare groups. Litter characteristics were analyzed using analysis of
variance (ANOVA) where dams were nested in intervention. Tumor onset data were
analyzed as right-censored survival data using the Kaplan-Meier method and Proc Life
test in SAS. The box plots were used to show the distribution among the data and the
interquartile range (IQR) to reflect the difference between the first quartile (Q1) and the
third quartile (Q3). Outliers for the box plots were established and discarded using the
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following formulas for low and high outliers respectively: (value) < Q1 – 1.5 IQR; (value)
> Q3 + 1.5 IQR. A student t-test was used to determine the p-value of the data in box
plots. The values were considered significant at P < 0.05. The histological grading of the
tumors was conducted using the Nottingham Grading System.

3.2: Results
3.2.1. Quantification of Distance run by Exercise group.
Female rats were divided into two groups, sedentary and exercise, with the
exercise group given access to a running wheel only during pregnancy. The Sedentary
group had a locked wheel as to prevent running for exercise. The daily average of
distance ran by the exercise group (Fig.3.2) was 2.0 ± 0.2 km/day with the majority of the
running occurring during the first 2 weeks (equivalent of first 2 trimesters in humans)
with a decline in the 3rd week (trimester). There was no significant difference in the
distance run by the dams when comparing the three trimesters.

3.2.2. A Kaplan-Meier survival curve shows tumor onset and incidence in pups from
Exercised and Sedentary Mothers
A modified Kaplan-Meier curve (Fig.3.3) is used to show timing of appearance of
the first mammary tumor in each animal of the exercised and sedentary group. Also
indicated is the number of animals (in percent) that developed mammary tumors in each
group. The endpoint of the study was 16 weeks post NMU carcinogen injection. These
data revealed the tumor incidence was 100 percent for the Sedentary group. In the
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Exercise group only 3 out of 7 pups developed tumors, therefore the tumor incidence was
42.86 percent.

3.2.3. Histogram of the modified Kaplan-Meier showing cancer incidence.
A histogram (Fig. 3.4) shows a graphical representation of the modified KaplanMeier curve. The fraction of the two groups that developed tumors is represented above
the rectangles. The percent of incidence within each is 100 percent for the Sedentary
group and 42.86 percent for the Exercise group respectively. Only mammary tumors
were identified in animals tested, no other types of malignancies were present.

3.2.4. Intraperitoneal fat was collected from the pups of the Exercise and Sedentary
groups.
At the endpoint of the study, the pups were sacrificed and tissues were collected
and analyzed. The intraperitoneal (IP) fat was collected from the visceral cavity and
weighed on a metler balance. Pups from the Exercise group had increased levels of IP fat
(in percent/animal) than did the Sedentary group. The IP fat outliers were removed using
the formulas for low and high outliers. The box in Figure 3.5 represents the interquartile
range of percent IP fat/animal, from Q1 to Q3. The line within the box represents the
median of the data (Exercise – 2.75 percent; Sedentary – 1.53 percent) with 50 percent of
the data lying above the median The “whiskers” represents the low and high population
of the data at 25 percent. The values for the lower boundary of the box plot for the
Exercise and Sedentary groups are 0.96 percent and 1.49 percent respectively. The values
for the upper boundary of the box plot for the Exercise and Sedentary groups are 4.21
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percent and 1.58 percent respectively. The difference between the two groups was
significant and had a p-value of 0.0015.

3.2.5. Tumors collected from the pups of the Exercise and Sedentary groups did not differ
in volume
At the endpoint of the study, the pups were sacrificed and the tumors were
collected and size determined. The pups from the Exercise group had tumors with a
larger volume than did the Sedentary group (Fig.3.6). The outliers were removed using
the formulas for low and high outliers. The box represents the interquartile range from
Q1 to Q3. The line within the box represents the median of the data (Exercise – 984
mm^3; Sedentary – 372 mm^3) with 50 percent of the data lying above the median The
“whiskers” represents the low and high population of the data at 25 percent. The values
for the lower boundary of the box plot for the Exercise and Sedentary groups are 0 mm^3
and 45 mm^3 respectively. The values for the upper boundary of the box plot for the
Exercise and Sedentary groups are 3667 mm^3 and 681 mm^3 respectively. The
difference in tumor volume between the two groups was not significant and had a p-value
of 0.20.

3.2.6. Tumors collected from the Exercise and Sedentary groups did not differ in
histological grade.
Tumor grading was done by the Department of Comparative Pathobiology in the
College of Veterinary Medicine at Purdue University. Grading was also done by utilizing
the Nottingham Grading System. The outcome of the tumor grade was similar with each

36
separate analysis performed, whether completed in our lab or by the Pathobiology
department. Essentially, the Sedentary and Exercised animal groups each predominately
developed mammary adenocarcinomas with similar grade (Fig.3.7).

3.3: Discussion
These data are the first to reflect the advantages that exercise has many benefits
imparted to the offspring one of which is being resistant to the development of tumors
when challenged with a known carcinogen that is specific to the mammary tissue. As
Thordarson et al. (2001) was able to show previously, we had100% of the Sedentary
group which developed tumors mostly in the 4th pair however in the Exercise group only
42.9% had tumor incidence. This suggests that exercise can impart protectiveness to the
offspring of the Exercise dams possibly through some early developmental processes
referred to as fetal programming.
Clinical studies investigating the effects of vigorous exercise by pregnant women
partaking in their exercise regime benefits the children by way of increased glucose
metabolism when given a glucose tolerance test. The mechanism behind the improved
glucose clearance is still unclear and may have something to with the developing fetus
being exposed to an environment that is hypoxic and malnourished while in the womb of
the exercising mother. Although this proposal may sound plausible, further experiments
will have to be conducted to elucidate changes in the epidemiological makeup of the
offspring. Maternal metabolism, oxidative stress, and placental growth have been
implicated in fetal development (Weissgerber et al., 2004; Sankaralingam et al., 2011).
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To the best of our knowledge, these data are the first in investigating the effects of
exercise by the pregnant dams on the female offspring and the associated lower
mammary tumor incidence. Future work will have to be conducted to ascertain the
underlying mechanism regulating and protecting the micro-environment of the mammary
gland. This could lay the groundwork in cancer prevention through vigorous exercise and
a healthy lifestyle to the children of tomorrow.

38

Fig. 3.1: MNU Challenge to initiate mammary tumorigenesis in offspring from
Sedentary and Exercised pregnant Rat Dams. Female Sprague Dawley rat offspring
were weaned from Exercised and Sedentary dams at 21 days of age and placed on a High
Fat diet (without access to an exercise wheel). At 1.5 months post-weaning female pups
were given a single ip. injection of N-Methyl-N-nitrosourea (MNU) at a concentration of
50 mg/kg body weight. Pups were palpated weekly and the developing tumors were
measured with a digital caliper. After 15 weeks, the mammary tissue, IP fat, and tumors
were collected and prepared for analysis.
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Fig. 3.2: Distance ran by the Exercise dams was recorded during pregnancy.
Exercise dams were given free access to a running wheel throughout pregnancy. The
average distance run among the exercised group (n=7) was 2.0 ± 0.2 km/day.
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Fig. 3.3: Kaplan-Meier curve shows mammary tumor incidence of pups from
Exercised and Sedentary Dams. A modified Kaplan-Meier curve shows mammary
tumor onset and incidence in Exercise and Sedentary pup groups. Pups from exercised
mothers had a significantly reduced tumor incidence as compared to the pups from the
sedentary mothers.
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Fig. 3.4: The Exercised Dam group had fewer pups that developed mammary
tumors. A histogram of the modified Kaplan-Meier showing the cancer incidence of the
pups from the Exercised and Sedentary mothers. The fraction above each histogram bar
shows the number of pups that developed tumors out of the total number of pups injected
with NMU carcinogen.
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Fig. 3.5: A comparison of the IP (Intraperitoneal) fat collected from pups of
Exercised and Sedentary Rat Dams. IP fat was collected from Exercise and Sedentary
pups and weighed to ascertain the amount of visceral adiposity that developed in each
group. Pups from Exercised Dams had Increased Intraperitoneal Fat. The difference was
significant with a p-value of 0.0015.
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Fig. 3.6: Comparison of mammary tumor volumes in pups from Exercised and
Sedentary Mothers. At time of sacrifice, volume of each mammary tumor from pups of
Exercise and Sedentary groups were measured. Pups from Exercised Dams did not have
increased Mammary Tumor Volume (p-value of 0.20).
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Fig. 3.7: Pups from Exercise and Sedentary groups developed tumors that were
histologically similar low grade carcinomas. Tumors were collected from Exercise and
Sedentary pups and were sectioned at 6 microns and stained for histological grading. The
Department of Comparative Pathobiology in the College of Veterinary Medicine at
Purdue University classified the grade of the mammary tumors.

45
3.4 References
Sankaralingam S, Jiang Y, Davidge ST, Yeo S. Effect of exercise on vascular superoxide
dismutase expression in high-risk pregnancy. Am J Perinatol. 2011;28(10):803-10.
Thordarson G1, Lee AV, McCarty M, Van Horn K, Chu O, Chou YC, Yang J, Guzman
RC, Nandi S, Talamantes F. Growth and characterization of N-methyl-Nnitrosourea-induced mammary tumors in intact and ovariectomized rats.
Carcinogenesis. 2001;22(12):2039-47.
Weissgerber TL1, Wolfe LA, Davies GA. The role of regular physical activity in
preeclampsia prevention. Med Sci Sports Exerc. 2004;36(12):2024-31.

46

CHAPTER 4: FUTURE EXPERIMENTS

As stated previously, there are reports that show maternal exercise during
pregnancy can be quite beneficial to the dam. It has been noted that dam cardiovascular
function is improved (Clapp III, 2003), there is limited weight gain (Clapp III and Kiess,
2000), and there is improved insulin sensitivity (Clapp, 2006). Of extended interest,
maternal exercise studies show the fetus vastly benefits as well - with improved stress
tolerance (Clapp III et al., 1995) and better glucose clearance in adult offspring from
exercised dams (Carter et al., 2012). In line with these wide ranges of benefits to the fetus,
our data clearly demonstrate that maternal exercise during pregnancy has the potential to
provide a substantial protection against mammary tumorigenesis in the female offspring.
In short, this is the first study to show this effect and represents a viable potentially
readily translatable behavior modification practice that can have a major impact on
human health.
Although our results are quite intriguing, in our study we did find that pups from
exercised dams had increased IP fat levels, compared to pups from the Sedentary group.
This finding is a direct contradiction to what Clapp III and Kiess showed in their previous
study. Furthermore, we also showed a substantial reduction in tumor formation in pups
from exercised pregnant dams. In the few animals from the exercise group that did get
tumors, our histological analysis demonstrated that these mammary tumors did not differ
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in phenotype compared to mammary tumors collected from pups of the sedentary group.
This observation suggests that exercise has a main influence on tumor initiation, or the
transformation process. Once a normal epithelial cell has passed into the uncontrolled
proliferation stage, the effects of exercise were not observable regarding subsequent
stages of tumor progression. That is, the predominant tumor phenotype of both the
Sedentary and Exercised groups are malignant, but low grade mammary carcinomas. In
neither of the groups did we observe histological evidence of tumors progressing to the
locally invasive or metastatic stages.
Of course, our completed studies lead to many questions regarding the
relationship between maternal exercise and its substantial impact on mammary
tumorigenesis in offspring. In the future there are numerous avenues of work to be taken
that will be aimed at addressing important associated physiological questions including
the following: How does maternal exercise intensity or type of exercise influence tumor
prevention in this system? Is it possible to limit exercise to the first half or trimester of
pregnancy and still gain a protection against tumor development? Is the protective effect
of maternal exercise enhanced or reduced in Lean or Obese Mothers? Are the benefits of
exercise implemented through the increased production of muscle cell hormones
(myokines) that act on the developing fetal mammary gland? Does the protective
influence of exercise manifested through the differences in the composition of milk
produced? Some of the most important future questions are – does this protection occur
in other animals and in humans? What are the underlying mechanisms in the relationship?
Towards better understanding the underlying mechanisms involved in the
protective effect of maternal exercise, prioritized future studies will seek to determine the
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role of maternal milk in our animal model. We will also seek to define epigenetic
molecular mechanisms may impact the mammary gland and that are regulated by
exercise during pregnancy. To ascertain mechanisms involved warrants investigation of
the postnatal development of the pups during the lactation period of the dams. Crossfostering is a technique used to determine if the maternal environment has any influence
in the nurturing of the offspring. Crofton et al. demonstrated that when polychlorinated
biphenyls (PCBs) were administered to dams before the birth of the pups, the toxicity
was only short term as the pups recovered by the end of the lactation period (Crofton et
al., 2000). However, when the PCBs were administered to the dams postnatally during
the lactation period, the pups were compromised and the toxicity effects were long term.
Gomez-Serrano et al. found that the rearing conditions influenced the body weights of the
offspring between two different rat models when cross fostered (Gomez-Serrano et al.,
2001). Considering the critically important role that lactation and milk composition play
in early postnatal development, it would be well worthwhile to examine the rearing
conditions and the maternal environment in the nurturing of the pups from exercised and
sedentary mothers. This would be accomplished by repeating the experiment described
above, with an n = 10 in the Exercise group of dams and an n = 10 in the Sedentary group
of dams. Of the 20 litters, the resulting female pups will be chosen and assigned to a
specific dam (Exercise or Sedentary). The number of female pups will vary so the final
assignment will be an n = 6 for the Exercise dams and an n = 6 for the Sedentary dams
each with 6 female pups per litter for a total of 72 females. The 36 pups will be crossed
fostered as follows: Exercise dams raising Exercise pups (Group E/e , n = 18), Exercise
dams raising Sedentary pups (Group E/s, n = 18), Sedentary dams raising Exercise pups

49
(Group S/e, n = 18), and Sedentary dams raising Sedentary pups (Group S/s, n = 18). To
determine if cross-fostering affected the body weights of the dams, the litters will be
weighed weekly during the nurturing period. The goal of this experiment would be to
determine if the benefits of maternal exercise during pregnancy convey tumor protection
through the production of milk during lactation. The hypothesis would be that the milk
from exercised mothers would convey tumor protection to all offspring, whether they
come from sedentary or exercised mothers. The positive control group would be
exercised mothers/pups from exercised mothers (reduced tumor formation in offspring);
the negative control would be sedentary mothers/pups from sedentary mother groups
(100% tumor formation in offspring). To define this effect, after cross-fostering is
complete, pups from all groups would be weaned onto a high fat diet and tested for
mammary tumor development as previously described. These studies would support or
refute that maternal exercise during pregnancy transfers its tumor protection influence to
the offspring through milk produced at lactation.
As reported earlier, studies show maternal exercise can have effects on the fetus’
metabolism and physiology (Godfrey and Barker, 2000), can lead to a reduction in fetal
heart rate (May et al., 2012), and can regulate DNA methylation (Waterland and Jirtle,
2004). These changes that occur during fetal development are attributed to fetal
programming (Godfrey and Barker, 2000). Epigenetic changes attributed to fetal
programming such as DNA methylation (Waterland and Jirtle, 2004) that occur at CpG
sites on both strands of the DNA is crucial to mammalian development (Li et al., 1992).
Currently, we have considerable interest in locating these changes in DNA that influence
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metabolic and physiological changes that we have observed in the female pup offspring
of the dams.
Towards identifying the distinct molecular impact of behavioral modification, i.e.
exercise, one highly efficient novel technique that is currently available is the method of
Next Generation Sequencing (NGS). NGS is a multifaceted method that can examine
microRNAs (miRNAs), which are small single stranded nucleotide chains (about 22
bases long) that are ubiquitous in animal and plant cells (Ambros, 2003). These miRNAs
have been implicated in cellular processes such as cell proliferation and cell death
(Gomase and Parundekar, 2009). Through NGS, which involves miRNA preparation,
sequencing and analysis, it is possible to find novel miRNAs that may not have been
catalogued previously. Novel miRNAs have been discovered by NGS and many
programs that each uses a different algorithm are available to analyze NGS data.
Although the algorithms are different, they each work by mapping the data, known as
reads, to the genome of the model organism.
NGS is also useful in identifying point mutations in the genome called single
nucleotide polymorphisms (SNPs). These SNPs are associated with certain diseases such
as oculocutaneous albinism and congenital neutropenia (Cullinane et al., 2011). In other
SNP gene studies, Lai-Cheong and McGrath, (2011) were able to identify genes that are
responsible for inherited skin disease. In using this method of gene identification, our
future studies would examine the genome of the female pups, post weaning, in our animal
model. The goal would be to define changes to the DNA/miRNAs that occur in pups
from the Exercise group, that potentially lead to their resistance to developing mammary
tumors. In comparing the DNA/miRNAs of pups from both the Exercise group and the
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Sedentary group in parallel, we hypothesize that in Exercised group pups the methylation
status of key genes associated with tumor risk (such as estrogen receptor, BRCA and p53)
would be congruent with their optimal expression and that there would be minimal
mutations occurring in these genes. Conversely, we would expect to find higher
occurrence of point mutations, and disregulated methylation status in key cancer risk
factor genes in pups from Sedentary groups. Of course the focus on the epigenetic
changes in these known genes would serve as a control measurement of predicted
differences. This would serve as an important baseline for the validity of our
experiments and would be critical towards the identification of novel genes and
associated molecular modifications in these same studies. Following up on these high
throughput NGS studies, the genes and modifications identified would be verified by
standard molecular techniques. Collectively, these studies would be the first to provide
molecular insights into the mechanisms by which maternal exercise may impact
mammary gland development in pups and thus impart a substantial long-term protection
against breast cancer.
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